Endometrial cancer has been generally categorized into two broad groups of tumors, type I (TI) and type II (TII), with distinct epidemiological/clinical features and genetic alterations. Because telomere attrition appears to trigger genomic instability in certain cancers, we explored the role of telomere dysfunction in endometrial cancer by analyzing telomeres and other markers of telomere status in both tumor types. We describe a new method, telomere chromogenic in situ hybridization, which permitted us to detect cells with short telomeres relative to control (stromal) cells within the same tissue section. Using this method, we found that both types of tumor cells had short telomeres. However, only TII tumors were significantly associated with critical telomere shortening in adjacent, morphologically normal epithelium, suggesting that telomere shortening contributes to the initiation of TII but not TI tumors. To explore this hypothesis, we analyzed mice with critically short telomeres and documented distinctive endometrial lesions that histologically resembled the in situ precursor of TII serous carcinomas; these lesions have not been observed previously in TI mouse models of endometrial cancer. Based on this and previous studies , we propose a model in which telomere attrition contributes to the initiation of TII and progression of TI endometrial cancers. Endometrial cancer is the most common cancer of the female reproductive tract.
Endometrial cancer has been generally categorized into two broad groups of tumors, type I (TI) and type II (TII), with distinct epidemiological/clinical features and genetic alterations. Because telomere attrition appears to trigger genomic instability in certain cancers, we explored the role of telomere dysfunction in endometrial cancer by analyzing telomeres and other markers of telomere status in both tumor types. We describe a new method, telomere chromogenic in situ hybridization, which permitted us to detect cells with short telomeres relative to control (stromal) cells within the same tissue section. Using this method, we found that both types of tumor cells had short telomeres. However, only TII tumors were significantly associated with critical telomere shortening in adjacent, morphologically normal epithelium, suggesting that telomere shortening contributes to the initiation of TII but not TI tumors. To explore this hypothesis, we analyzed mice with critically short telomeres and documented distinctive endometrial lesions that histologically resembled the in situ precursor of TII serous carcinomas; these lesions have not been observed previously in TI mouse models of endometrial cancer. Based on this and previous studies , we propose a model in which telomere attrition contributes to the initiation of TII and progression of TI endometrial cancers. ( Endometrial cancer is the most common cancer of the female reproductive tract. 1 Although all endometrial cancers are believed to arise from a single cell type-the columnar epithelium that lines the inner surface of the uterus-endometrial cancers are subclassified into two classes of tumors with divergent epidemiological, clinical, histopathological, and molecular features. 2, 3 Type I (TI) endometrial cancers are strongly associated with estrogen-related risk factors such as obesity and unopposed estrogen therapy, and have a relatively good prognosis. In contrast, type II (TII) cancers have no association with estrogen-related risk factors, a much higher median age of onset, and a poor prognosis. These tumors are also histopathologically distinct, with TI being comprised of tumors with so-called "endometrioid" histology (and variants thereof such as endometrioid adenocarcinomas with squamous or mucinous differentiation), whereas TII tumors include uterine serous adenocarcinomas. 4 ,5 TI and TII tumors also have distinct genetic and molecular profiles. Microsatellite instability and defects in DNA mismatch repair are common in TI, but rare in TII tumors. 6 -8 Furthermore, TI and TII cancers have reciprocal mutational spectra. Mutations in PTEN, KRAS, and the CTNNB1 locus that encodes ␤-catenin are frequent in TI, but rare in TII tumors, which in contrast have a very high rate of P53 mutations. 3, 9 Finally, TI tumors have relatively minor chromosomal abnormalities, whereas TII tumors exhibit abnormal, complex karyotypes characterized by hyperploidy and abnormal chromosomes with numerous end-to-end fusions. 10 -13 Genomic instability is one of the hallmarks of cancer, 14 and there is growing evidence that telomere attrition triggers genomic instability in epithelial carcinogenesis. 15 The telomerase holoenzyme that maintains telomeres consists of RNA catalytic and reverse transcriptase subunits (hTERC and hTERT, respectively), and because of the lack of hTERT expression in most adult somatic cells, telomeres progressively shorten with age, particularly in those tissue compartments or cell types that are highly proliferative and thus have an increased replicative history. Eventually, telomere attrition leads to naked chromosome ends repaired by nonhomologous end-joining, in turn leading to dicentric chromosomes that cannot be resolved at mitosis. This results in additional doublestranded DNA breaks (DSBs) similarly repaired by nonhomologous end-joining, thereby initiating a vicious cycle of chromosome bridging, fusion, and breakage. 16 This model accounts for many heretofore unexplained aspects of cancer, such as the exponential increase in the incidence of most epithelial cancers with advancing age, and observations that carcinomas tend to be aneuploid with highly abnormal chromosomes that result from multiple nonreciprocal translocations.
The TP53 protein plays an essential and central role in sensing the genomic damage triggered by telomere attrition. By promoting apoptosis or senescence in the context of critically shortened telomeres, TP53 mediates many of the aging and cancer-prone phenotypes seen in short telomere hTERC-deficient mice bred for several generations. 15 Inactivation of the p53 gene ameliorates the aging phenotypes seen in mice with short telomeres, but also greatly increases the incidence of spontaneous cancers, particularly carcinomas. 15, 17 Thus, telomere attrition and p53 inactivation (be it by direct mutation or other indirect mechanisms such as MDM2 amplification) appear to potently synergize to promote epithelial carcinogenesis.
These observations taken together suggest that telomere attrition might be an important molecular event driving endometrial carcinogenesis. In particular, this may help explain the striking association of TII tumors with advanced age and p53 inactivation. To explore this hypothesis, we have evaluated telomere lengths in situ using a novel chromogenic method (Telo-CISH), and also analyzed another molecular marker (pH2AX) associated with double-stranded breaks (DSBs) and telomere attrition. Both TI and TII tumors exhibited telomere shortening; however, only TII tumors were associated with telomere shortening in adjacent normal epithelium, and they more frequently exhibited pH2AX foci, a marker of DSBs, consistent with the notion that telomere shortening drives the initiation of TII tumors. Furthermore, we demonstrate that telomere attrition in mice (which normally have longer telomeres than humans) promotes the formation of distinct TII-like precursor lesions unlike those seen in other mouse models of endometrial cancer, all of which to date result in TI-like cancers or precancers. Our findings suggest that telomere attrition contributes differentially to TI and TII endometrial cancers.
Materials and Methods

Telo-CISH and Telomere Length Southern Analysis
Use of archival human tumor samples was approved by the University of Texas Southwestern Medical Center Institutional Review Board. Cases with mixed histology (eg, mixed endometrioid/serous) or of subtypes whose assignation as TI versus TII is less established (eg, clear cell), were excluded. Standard histological criteria were used. 4, 5 Tissue blocks were selected that contained both malignant and morphologically normal epithelium.
Telo-CISH was performed using a custom-synthesized digoxigenin conjugated telomere probe Dig-OO-(C 3 TA 2 ) 3 (Biosynthesis, Lewisville, TX), where OO represents a Fmoc-AEEA-OH (8-amino-3,6-dioxaoctonic acid) linker. Probe was solubilized in dH 2 0, aliquoted, and stored at Ϫ20°C. Five-m tissue sections were deparaffinized in xylene and hydrated in an ethanol series. Slides were boiled gently in 10 mmol/L sodium citrate for 10 minutes and treated with 0.5% pepsin (pH 2) for 10 minutes. The duration of pepsin treatment should be optimized for each tissue because overdigestion results in tissue loss, and underdigestion results in decreased signal. Denaturation was performed by covering the tissue section with hybridization buffer, placing coverslips, and incubating the slide at 95°C for 5 minutes. Hybridization was performed overnight at 37°C in hybridization buffer [70% formamide, 10 mmol/L Tris pH 7.5, and 8.5 mmol/L MgSO 4 with 10% blocking agent (catalog no. 1096176; Roche, Nutley, NJ) prepared in 0.1 g/ml of maleic acid buffer (catalog no. 1585762, Roche)] with 4 g of probe per ml of hybridization buffer. Denaturation and hybridization steps were performed in a digital, temperaturecontrolled hybridization unit (catalog no. 240000; Boekel Scientific, Feasterville, PA). Slides were washed in 0.1ϫ standard saline citrate at 55°C for 30 minutes ϫ 2, then blocked in phosphate-buffered saline (PBS) and 2% bovine serum albumin for 30 minutes at room temperature. Polyclonal rabbit anti-digoxigenin/horseradish peroxidase (1:1000; DAKO, Carpinteria, CA) was applied in PBS and 2% bovine serum albumin for 1 hour at room temperature. Slides were washed with Tris-buffered saline plus 0.1% Tween for 5 minutes ϫ 4 and signal was detected with freshly prepared liquid diaminobenzidine (DAKO). Slides were incubated in diaminobenzidine at room temperature for ϳ1 hour, lightly counterstained with hematoxylin, and mounted in Permount (Fisher Scientific, Pittsburgh, PA). Visualization of signals was performed with standard bright-field optics using a ϫ100 (oil immersion) objective. Telomere length Southern analysis was performed using the TeloTAGGG kit (Roche Applied Science) per the manufacturer's instructions. Normal matched DNA samples were obtained from tissues not involved by tumor such as ovary, fallopian tube, or cervix.
Immunohistochemistry (IHC) and Chromosome 7 Chromogenic in Situ Hybridization (CISH)
For IHC, 5-m sections were deparaffinized in xylene and hydrated in a graded ethanol series. Slides were then boiled in 10 mmol/L sodium citrate for antigen retrieval and allowed to cool slowly at room temperature for 20 minutes. Endogenous peroxidases were blocked with 3% H 2 O 2 in dH 2 O for 30 minutes. Slides were incubated with primary antibodies against p53 (1:100, catalog no. RM-9105; LabVision, Fremont, CA) and pH2AX (phosphory-lated at serine 319) (1:1000, catalog no. 613401; Biolegend, San Diego, CA). Detection was performed using horseradish peroxidase-conjugated secondary antibodies with the Impress detection system (Vector Laboratories, Burlingame, CA). Slides were counterstained with hematoxylin and mounted in Permount. Cases with Ͻ5% positive cells (dot-like nuclear pattern) were scored as pH2AX-negative. CISH was performed using a chromosome 7 centromeric probe (Invitrogen, Carlsbad, CA), with signal detection performed with the CISH detection kit (Invitrogen) per the manufacturer's instructions. Slides were counterstained with hematoxylin and mounted in Permount. Cases were scored in a blinded manner as follows: no aneuploidy, no cells with Ͼ2 signals; mild aneuploidy, 3 or more signals in Յ5% of cells; moderate aneuploidy, 3 or more signals in 5 to 20% of cells; and severe aneuploidy, 3 or more signals in Ͼ20% of cells.
Mouse Strains and Husbandry
This study was approved by an institutional animal care and use committee. Mice were housed in a barrier facility. G0i and G5i mice of mixed genetic background (C57/B6, 129, FVB/n) were generated as described. 18 In brief, G4 mTerc Ϫ/Ϫ mice were crossed to G0 mTerc ϩ/ϩ or Ϫ/Ϫ mice to generate the G5i and G0i cohorts and sibling controls.
Results
Case Selection and Telomere Length Analyses of TI and TII Tumors by Telo-CISH
Archived blocks from age-matched TI (n ϭ 14) and TII tumors (n ϭ 15) were obtained; the median age was 65.1years for both groups. The selected TI tumors exhibited classic, well-differentiated endometrioid histology whereas TII cases were serous carcinomas (see Figure 1 for representative histologies). To validate these cases, p53 IHC was performed. Most TII endometrial cancers express high levels of p53 protein, presumably because of the functional inactivation of p53, which suppresses the Mdm2-dependent feedback loop that normally targets p53 for degradation. 19, 20 As expected, the majority of TII tumors showed strong p53 expression, whereas most TI tumors did not (13 of 14 versus 1 of 15; P ϭ 2 ϫ 10 Ϫ6 , Fisher's exact test), confirming that our TI and TII tumor sets differ significantly with respect to p53 status and thus represent distinct biological entities ( Figure 1) .
To explore the hypothesis that telomere shortening contributes to endometrial carcinogenesis, we sought to assess telomere lengths in situ. Peptide nucleic acid (PNA)-fluorescence in situ hybridization (FISH), which uses fluorescently-labeled PNA probes, has been used to analyze telomere lengths in human tissue sections. [21] [22] [23] [24] However, one limitation of this technique is that tissue architecture is not well visualized in dark-field microscopy, making it difficult to reliably distinguish between normal and malignant endometrial epithelium. To overcome this limitation, we adapted the PNA-FISH technique and developed a chromogenic method, which we have termed Telo-CISH (telomere chromogenic in situ hybridization). A telomeric PNA probe conjugated to digoxigenin was synthesized and hybridized to tissue sections, followed by incubation with an anti-digoxigenin antibody/horseradish peroxidase conjugate. Detection with the chromogen diaminobenzidine resulted in telomeric signals that were permanent and could be visualized via conventional bright-field microscopy, greatly facilitating observation of telomere signals in the context of the underlying tissue architecture. The signals were nuclear and dot-like, consistent with specific telomere detection ( Figure 2 ). To determine whether Telo-CISH could be used as a qualitative assay for telomere length, we compared signals in three different samples processed identically. Laboratory mouse strains have average telomere lengths Ͼ30 kb, whereas human telomeres are much shorter, in the range of 5 to 10 kb. 25, 26 Normal human tissues gave rise to readily detectable telomeric signals, but, as expected, mouse tissues produced much more intense signals (Figure 2A ). Intraluminal cells in prostatic intraepithelial neoplasia showed virtually absent telomeric signals, consistent with previous PNA-FISH studies documenting severe telomere attrition in prostatic intraepithelial neoplasia lesions (Figure 2A) . 22, 23 Thus, Telo-CISH can be used for qualitative telomere length determinations in tissue sections and should be able to differentiate between cells with large differences in average telomere length within tissue sections. Epithelial cells in other neoplastic and preneoplastic lesions, including ductal carcinoma in situ of the breast, as well as invasive breast and prostate cancers, also exhibited decreased telomere signals by Telo-CISH (unpublished data).
Telo-CISH was performed on tissue sections of all 29 TI and TII cases. A control normal endometrial sample showed approximately equivalent telomere signals in Figure 1 . Case selection and p53 status of TI and TII endometrial cancers. H&E and p53 immunostaining of representative TI and TII tumors; asterisk ϭ morphologically normal, p53-negative gland serving as internal negative control. TI case shows usual endometrioid histology including well-formed glands whereas TII case shows papillary serous histology with high-grade, atypical nuclei. Scale bar ϭ 100 m. Figure 2B ), demonstrating that the digoxigenin-labeled telomere probe hybridized well to both epithelial and stromal cell nuclei. Telo-CISH revealed diverse patterns of telomere lengths in TI and TII tumors. In the majority of TI tumors, nonmalignant nonhyperplastic (morphologically normal) epithelium showed strong signals, whereas adjacent tumor epithelium showed dramatically decreased signals ( Figure 2C) . A small minority of TI cases showed decreased telomere signals in the tumor as well as adjacent nonmalignant epithelium ( Figure 2D , Table 1 ). This argues that in most TI tumors, telomere shortening is not an initiating tumorigenic event but rather occurs secondarily as a consequence of hyperproliferation and the increased replicative history of the tumor cells. With TII tumors, these patterns were reversed, with a minority of cases showing decreased signals in malignant epithelium only ( Figure 2E ), but the majority showed significant telomere attrition even in epithelium that was morphologically entirely normal ( Figure  2F ) (TII neoplasms do not progress via intermediate hyperplasias, and the malignant and normal epithelium are readily distinguishable at lower magnification). In one TII tumor, morphologically normal cells did show short telomeres relative to stromal cells, but the tumor cells showed very strong telomere signals, even stronger than the stromal cells ( Figure 2G ). In this case, telomere attrition was likely followed by the reactivation of hTERT or another mechanism such as ALT that stabilizes telomeres. 27 As summarized in Table 1 , only 3 of 14 TI tumors showed decreased telomere signals in morphologically normal epithelium, versus 11 of 15 TII tumors (P ϭ 0.007, Fisher's exact test) These data demonstrate that telomere shortening is a general feature of TI and TII carcinogenesis, but more specifically, suggest that such telomere shortening is an important mechanism driving the initiation of TII tumors (see model presented in the Discussion).
Telomere Length Determinations by Southern Analysis
Telo-CISH permits direct comparisons of small numbers of cells visualized in situ, but does not readily provide a global view of telomere length in all cells in a biological sample. To confirm the somewhat unanticipated finding that a significant proportion of early TI tumors already have significant telomere shortening (given our initial hypothesis that telomere shortening drives TII tumorigene- Figure 3A) , with the median telomere lengths determined by standard methods ( Figure 3B ). This confirmed significant telomere attrition in TI tumors (P ϭ 0.0068, Fisher's exact test). Analysis of additional TI, TII, and endometrial cancer cell line DNA samples for which matched samples were not available (n ϭ 9, 10, and 6, respectively) also demonstrated similar degrees of telomere attrition, as did, for comparison, ovarian papillary serous adenocarcinomas (n ϭ 10) ( Figure 3C ). These findings confirm that telomere shortening is a general feature of both TI and TII endometrial cancers.
Aneuploidy and DNA Damage in TI versus TII Tumors
The finding that significant telomere shortening is present in the morphologically normal epithelium adjacent to TII but not TI cancers suggests that telomere shortening can drive endometrial cancer initiation, serving as a mutagenic mechanism that actively promotes cancer via breakage-fusionbridge cycles. 16 If so, then aneuploidy and DNA DSBs may be detectable in this premalignant adjacent epithelium. To explore this possibility, we performed ploidy analyses by CISH, which permits direct visualization and assessment of aneuploidy in the context of tissue morphology in routine sections. We used a centromeric probe for chromosome 7 because it is among the most common chromosomes showing aneuploidy in ovarian/uterine tumors, 28 but other chromosomes could also in principle be used as general markers of aneuploidy. Although the use of a single centromeric probe likely underestimates the degree of aneuploidy, analysis of TI and TII tumors revealed significant differences. Most TI tumors showed very mild aneuploidy that was difficult to detect; in contrast, TII tumors showed moderate to severe aneuploidy that was readily apparent in tumor cells (see Materials and Methods for criteria), and this difference was statistically significant (P ϭ 0.0028, Fisher's exact test) (Figure 4, A and B) . Notably, in at least three TII cases, we observed clear evidence of aneuploidy in the adjacent, morphologically normal epithelium that was p53-negative ( Figure 4C ). This indicates that significant aneuploidy is present, at least in some cases, even in the morphologically normal epithelium that presumably represents an early precursor to the adjacent TII tumor, and further suggests that normal p53 function is the key tumor suppressive mechanism restricting the growth of such aneuploid cells.
The histone H2AX, a member of the histone H2A family, is rapidly phosphorylated at serine 139 at sites of DSBs, where such phosphorylated H2AX (pH2AX, also known as ␥-H2AX) is believed to recruit additional factors to effect DSB repair. 29 We thus sought to define patterns of pH2AX expression in endometrial cancers. In some control specimens (proliferative, secretory, and atrophic endometrium, and in other normal tissues such as colon) nonspecific diffuse nuclear staining was observed (data not shown). The basis of this nonspecific staining has not been explored, but may relate to cross-reactivity with the unphosphorylated form of H2AX, or some other nuclear antigen. In any case, this nonspecific staining was readily distinguished from the dot-like pattern that signifies bona fide double DNA stranded-breaks, and only dot-like pH2AX expression was scored as positive. All TII cases (12 of 12, 100%) were pH2AX-positive, whereas only a minority (5 of 12, 42%) of TI tumors were pH2AX-positive ( Figure 4D) , a difference that is statistically significant (P ϭ 0.0045, Fisher's exact test). That pH2AX expression significantly differs among TI and TII tumors prompted us to consider the possibility that pH2AX might serve as a diagnostic marker to, eg, identify TII tumors. For example, p53 IHC is sometimes used to confirm the diagnosis of uterine serous carcinoma, but this test is associated with false-negatives (likely because of the biallelic mutations that eliminate p53 protein). However, pH2AX status by IHC correlated less well than p53 expression with respect to TI versus TII status. Furthermore, we found that pH2AX positivity tended to be much more variegated and regional, and hence more difficult to interpret than p53 IHC (data not shown). Nonetheless, this is the first demonstration, as far as we are aware, that pH2AX correlates with telomere dysfunction in human tissue samples. 
Analysis of Telomere Attrition in Relation to TII Endometrial Neoplasia in Vivo
Although analysis of telomere status and other markers in banked human tumor samples can provide important insights into telomere biology, the inability to follow the progression of lesions serially or perform other experimental manipulations represent important technical limitations. As a first step toward the generation of mouse models that would overcome these limitations and to further explore the role that telomere attrition might have on endometrial carcinogenesis, we studied mice bearing null mutations in mTerc, the RNA component required for telomerase holoenzyme activity. 30, 31 To generate animals with shortened telomeres, we used a validated mating strategy to generate G5i (generation 5 intermediate) animals that are prone to genomic instability because of the critically shortened telomeres (in half of their chromosomes) and control G0i animals that have capped, stabilized telomeres. 18 We analyzed 14 experimental and control female mice for these studies. Experimental G5i animals are minute, exhibit accelerated aging, are in very poor health, and also exhibit increased incidence of spontaneous neoplasia.
The 14 mice (five G5i, nine G0i) were 13 to 16 months of age before necropsy, which revealed in several mice the presence of diverse tumors, predominantly sarcomas, as has been previously described. None of the mice developed frankly invasive endometrial adenocarcinomas, but four of five G5i mice developed striking preneoplastic endometrial precancers (P ϭ 0.005, Fisher's exact test) closely resembling endometrial intraepithelial carcinoma (EIC), a lesion considered to be the histological in situ precursor to TII papillary serous adenocarcinomas. 4, 5, 32 These EIC-like lesions differed from TI hyperplasias seen in women or Pten Ϫ/ϩ mice in that architectural irregularities (crowding, and so forth), were mild and focal, whereas nuclear atypia and anisometry were extremely severe ( Figure 5, A and B) . Although we cannot exclude early, microscopic invasion, these lesions were confined to the endometrium and not associated with obvious invasive tumor growth, gross tumor formation, or metastases. These EIC-like lesions were not observed in G0i or control wild-type animals. These findings are notable in that such TII-like lesions have not been previously documented in the mouse, and represent the first evidence that mouse models of TII endometrial carcinogenesis can be developed (see Discussion).
To confirm the prediction that genomic instability and DSBs participate in the genesis of these EIC-like lesions, pH2AX IHC was performed ( Figure 5C ). This revealed the presence of multiple widespread discrete pH2AX-positive foci, indicating that these murine EIC-like lesions harbor DSBs and significant genomic instability because of the critical telomere shortening and chromosome bridging, fusion, and breakage cycles. Of note, similar pH2AX-positive foci were also observed in adjacent, morphologically normal epithelium, indicating that DSBs predate the formation of the EIC-like lesions and are thus likely to be critical in their genesis. Such pH2AX-positive foci are not common in endometria from control G0i or wild-type mice (Figure 5D ), other than rare apoptotic cells that are strongly and diffusely pH2AX-positive, a pattern distinguishable from the discrete foci seen with DBSs (pH2AX is a known marker of apoptotic cells, because of their widespread DNA breakage) ( Figure 5E ). Also, pH2AX foci were not observed in all G5i tissues, including some tissues with high proliferation rates such as spleen ( Figure 5F ), arguing that tissue-specific factors contribute to the development of DSBs and genomic instability, and that the endometrium may be relatively sensitive to these insults. Thus in summary, analyses of mice with short telomeres combined with Telo-CISH studies together support the notion that telomere attrition contributes to the initiation of TII cancers.
Discussion
Recent studies using telomere PNA-FISH have demonstrated that telomere attrition is associated with and likely drives the progression of many epithelial malignancies, including breast, prostate, and pancreatic cancer. 22, 24, 33 Here, we demonstrate that endometrial cancer is another epithelial malignancy in which telomere shortening is associated with and likely contributes to tumorigenesis. Furthermore, we describe a new approach for the chromogenic detection of telomeres that may be useful in either the research or clinical setting. For example, because telomeres serve as a biological clock and correlate with replicative history, Telo-CISH could serve as a marker of neoplasia (ie, to distinguish dysplasia versus reactive changes) or chronic disease; ie, inflammatory bowel disease, in which telomere shortening promotes genomic instability. 34 However, one limitation of Telo-CISH compared to PNA-FISH is that it may not be as readily quantifiable, lending itself to more qualitative analyses.
It is well documented that TII endometrial cancers are highly aneuploid, whereas TI endometrial cancers are nearly diploid. Indeed, several TI endometrial cancer cell lines are euploid (46, XX) or have only one or two abnormal or extra chromosomes. 10 -13,35,36 At the same time, defects in mismatch repair are strongly associated with TI but not TII tumors. Indeed, the wide variety of mechanisms resulting in TI mismatch repair defects (acquired somatic mutation in mismatch repair genes, promoter hypermethylation, or germline mutations as in hereditary nonpolyposis colorectal cancer/Lynch syndrome), argues for the importance of a mismatch repair-driven mode of genomic instability in TI carcinogenesis. 37 It is not surprising that such mismatch repair-driven tumors would also undergo telomere attrition. Because most TI tumors progress through a series of intermediates (simple hyperplasia, complex hyperplasia, and so forth) that likely require many years to develop, these lesions would be expected to have a history of increased mitotic divi- . Inset shows morphologically normal surface epithelium from control G0i mouse (15 months). Note that EIC lesion is characterized by extreme nuclear anisometry and mild architectural abnormalities, whereas normal epithelium consists of well-organized, polarized columnar epithelium. C: pH2AX IHC from same G5i uterus in B shows many nuclear foci consistent with DSBs; asterisk indicates morphologically normal gland with small, nonatypical and isometric nuclei. D: Numerous pH2AX foci in adjacent normal epithelium. E: pH2AX in control G0i mouse shows occasional apoptotic cell (arrow) and rare pH2AX foci that are difficult to discern and far rarer than in G5i uteri. 542 Akbay et al AJP August 2008, Vol. 173, No. 2 sions driving telomere shortening. However, it is also possible that in some tumors, mutations attributable to mismatch repair defects and telomere attrition occur more or less simultaneously, acting as synergistic mechanisms promoting genomic instability.
We propose that such telomere shortening in the setting of mismatch repair defects is likely an epiphenomenon that, at least initially, is not a major mechanism driving tumor progression. By the time a tumor is fully established, however, the continual acceleration of cell turnover would eventually lead to telomere crisis. Consistent with this hypothesis we (unpublished data) and others have documented telomerase reactivation in the vast majority of endometrial cancers. 38 -40 A prediction of this model, illustrated in Figure 6 , is that advanced TI tumors should exhibit an increased incidence of TP53 mutations and have abnormal karyotypes. Poorly differentiated and advanced stage TI tumors indeed have a much higher incidence of TP53 mutations and (mutant) p53 overexpression by IHC, and are also well-documented in previous studies to be more aneuploid and have abnormal karyotypes. [41] [42] [43] [44] Although some aspects of this model need to be refined, we propose that both TII and advanced TI tumors converge to some extent through the common mechanism of telomere attrition and the inactivation of the telomere length checkpoint controlled by p53. Consistent with this view, poorly differentiated/ undifferentiated TI tumors behave clinically more like TII tumors, being associated with a much worse prognosis than well-differentiated TI tumors. Such advanced TI tumors do retain distinctive molecular signatures (such as MSI), and differ in some respects from TII tumors (such as in their patterns of spread). 42, 45, 46 The elucidation of environmental or genetic factors influencing telomere length in endometrium as a function of aging remains an important issue for future investigations. The TERT promoter contains multiple estrogen receptor binding sites and estrogen induces TERT expression and telomerase activity. Excess estrogen exposure associated with TI tumorigenesis may serve to protect telomeres and thus partially explain the different roles of telomere attrition in TI and TII tumorigenesis. 38, 39, [47] [48] [49] An oncogene-induced DNA damage model of carcinogenesis has recently been proposed. Activated oncogenes such as ras, myc, and E2F1 appear to induce DNA DSBs in various cell types and animal models, reportedly in the absence of telomere erosion. Oncogenes may induce such DNA DSBs through so-called DNA replication stress, in which deregulation of DNA replication proteins leads to an increase of stalled replication forks. DSBs and genome instability have been documented in precancers. 50 Because telomere attrition also characterizes precancers including endometrial hyperplasias, it may prove difficult to reliably ascertain the relative contribution of oncogene-induced DNA damage, but it remains a potential mechanism that could further contribute to genomic instability in endometrial cancer, particularly because activating mutations of some oncogenes (ie, KRAS) are present in endometrial hyperplasias.
Although we detected telomere shortening in TII tumors and note that there is no other well-documented pathway of genomic instability in these tumors, this correlation does not firmly establish a causal relationship between telomere shortening and the initiation of TII tumors. Telomere length analyses of human samples may be obscured by a number of confounding variables, such as telomerase reactivation or ALT. To begin to establish this link in an in vivo experimental model system, we analyzed the endometria of mice with critical telomere shortening, and found that by 1 year of age, most contained focal, highly atypical preneoplastic lesions that histologically closely resemble EIC, the in situ precursor to serous TII cancers. 5 It is likely that additional mutations are needed to drive the formation of fully invasive TII cancers in the context of short telomeres, particularly p53, but also perhaps additional oncogenic mutations that promote cell-cycle progression or bypass other cellular senescence checkpoints. Although our findings represent a first step toward the development of mouse models of TII endometrial carcinogenesis, the generation of practicable models will benefit from alternative approaches that do not require serial breeding to generate experimental cohorts. Functional inactivation of components of the Shelterin complex that bind to and protect telomeric DNA offers one promising avenue for such investigations. 51 
